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Introduction
Essential arterial hypertension is a chronic polygenic disease that eventually leads to cardiovascular, brain and kidney alterations (Fudim & Vemupalali, 2016) . The aetiology and early stages of essential arterial hypertension are still unclear, despite the fact that the main regulatory mechanisms involved in blood pressure regulation have been thoroughly investigated (Cowley, 1992; Jeunemaitre et al. 1992; Lifton et al. 2001) . It has been established that emotional stress is one of the many factors playing an important role in the pathogenesis of hypertensive disease (Hudzinsky et al. 1988; Steptoe, 2008) . Considering this, a hypertensive inherited stress-induced arterial hypertension (ISIAH) rat strain was developed from Wistar rats in the Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences in Novosibirsk (Markel, 1992) .
Apart from increased basal and stress-induced blood pressure, many other differences between the ISIAH and normotensive Wistar Albino Glaxo (WAG) rats were found. These differences are typical of hypertensive disease and concern endocrine profiling (Redina et al. 2006; Markel et al. 2007; Antonov et al. 2016) , hypertrophy of the left ventricle and the small artery walls, changes in the ECG, and some alterations in adrenal and kidney histology (Markel et al. 1999; Shmerling et al. 2001; Yakobson et al. 2007) . Therefore, the ISIAH strain has been established as an adequate animal model of stress-sensitive arterial hypertension. Investigation of hypertension-related changes in haemodynamics and their regulation is of particular interest, because it allows better understanding of the aetiology of the disease.
Thus, the purpose of this work was the magnetic resonance imaging (MRI) study of age-dependent metabolic brain patterns and haemodynamic parameters in hypertensive ISIAH and normotensive WAG rats.
Methods

Ethical approval
All procedures complied with the Directive of 22 September 2010 (2010/63/EU) of the European Parliament and with the Guide for the Care and Use of Laboratory Animals (Washington, DC, USA) and were approved by the Bioethical Committee of Institute of Cytology and Genetics Siberian Branch of Russian Academy of Sciences (SB RAS) in Novosibirsk, Russia (permit no. 24, 24 October 2014) . All efforts were made to minimize the number of animals used and their suffering.
Experimental animals were supplied by the Russian National Center of Genetic Resources of Laboratory Animals based in the specific pathogen-free (SPF) Vivarium of the Institute of Cytology and Genetics SB RAS. Studied were carried out on 18 male rats at the ages of 1 and 3 months. Ten rats were hypertensive ISIAH rats, and eight WAG rats were used as a normotensive control. The mean ± SD weight of 1-month-old ISIAH rats was 159.10 ± 14.39 g and that of 1-month-old WAG rats 160.63 ± 8.65 g. At the age of 3 months, ISIAH rats had a mean ± SD weight of 333.50 ± 14.15 g and WAG rats 328.13 ± 13.35 g.
In the SPF Vivarium, standard and SPF conditions are created for the housing of laboratory animals and experimental work. Rats were housed individually in standard ventilated cages (OptiRAT cage; Charles River Laboratories, Chatillon-sur-Chalaronne, France). Water and granulated forage (Assortiment-Agro, Puschino, Russia) were given ad libitum. The rats were kept in an artificial day-night regime (14 h light-10 h darkness), at 22-24°C and with a relative humidity of 40-50%. After the experiment, all animals were killed by CO 2 inhalation.
Blood pressure monitoring
Blood pressure was monitored in awake animals by the tail-cuff technique using the CODA Standard Non-Invasive Blood Pressure System (Kent Scientific Corporation, Torrington, CT, USA). Before the monitoring, the rats were exposed to simulated sessions of blood pressure measurement to accustom them to the procedure.
Magnetic resonance imaging
The MRI investigation was performed using a high-field tomographic scanner, BioSpec 117/16 USR (Bruker, Ettlingen, Germany). During the MRI study, the rats were anaesthetized by inhalation of isoflurane (Baxter Healthcare Corp., Deerfield, IL, USA) using a Univentor 400 Anesthesia Unit (Univentor, Zejtun, Malta). The isoflurane was administered at 2% in pure oxygen, with a flow rate of 300 ml min −1 . The body temperature was maintained with warm (30°C) water circulating through the table bed of the tomographic scanner. A pneumatic respiration sensor (SA Instruments, Stony Brook, NY, USA) allowed control of the depth of anesthesia.
Magnetic resonance angiography
Images and the blood flow velocity in the main blood vessels (lower part of abdominal aorta, renal and common carotid arteries) of the rats were recorded with a transmitter and receiver volume (T11232V3) 1 H radiofrequency coil. To determine the diameter of blood vessels (abdominal aorta, renal arteries and carotid arteries), the gradient echo flow-compensated method (Keller et al. 1989) was applied with parameters of a pulse sequence Echo Time (TE) = 3.2 ms, and Repetition Time (TR) = 15 ms (three-dimensional image of the vessels with a field of view 4 cm × 4 cm × 4 cm and a matrix size of 256 × 256 × 128). The blood flow rate was determined using the FLOWMAP method (gradient echo flow-compensated method; Firmin et al. 1990 ) with pulse sequence parameters TE = 6 ms, TR = 20 ms (1-mm-thick slices with a field of view of 4 cm × 4 cm and a matrix size of 256 × 256). Blood flow rates and diameters of the blood vessels were used to calculate the blood flow volume. The blood flow volumes were normalized by the body mass of the rat and used for subsequent calculations. Regional vascular resistance was calculated by dividing the mean arterial pressure level by the blood flow through the appropriate vessel.
H Magnetic resonance spectroscopy (MRS)
All proton spectra of the rat brain cortex were recorded with transmitter volume (T11232V3) and rat brain receiver surface (T11425V3) 1 H radiofrequency coils (Bruker, Ettlingen, Germany). High-resolution T 2 -weighted images of the rat brain (section thickness, 0.5 mm; field of view, 2.5 mm × 2.5 mm; matrix of 256 × 256) were recorded by RARE (rapid acquisition with relaxation enhancement) with the pulse sequence parameters TE = 11 ms and TR = 2.5 s for correct positioning of the spectroscopic voxels. Uniform voxel co-ordinates were determined in relationship to the bregma (−2.0 mm coronal, −2.88 mm axial and 0 mm sagittal in prefrontal cerebral cortex; and −7.50 mm coronal, −1.63 mm axial and 0 mm sagittal in hypothalamus). Voxel dimensions were 1.6 mm × 3.5 mm × 3.5 mm in cerebral cortex and 1.6 mm × 3.0 mm × 3.0 mm in hypothalamus. All proton spectra were recorded by spatially localized single-voxel STEAM (stimulated echo acquisition mode) spectroscopy with the pulse sequence parameters TE = 3 ms, TR = 5 s, 100 accumulations. The uniformity of the magnetic field was tuned within the selected voxel using FASTMAP (Gruetter, 1993) before each spectroscopic recording. The water signal was inhibited with a variable pulse power and optimized relaxation delays (VAPOR) sequence (Tkáč et al. 1999) .
Processing of 1 H spectra
The experimental 1 H magnetic resonance spectra were processed, and the quantitative composition of metabolites was determined with an original specialized program similar to the LCModel software package (Provencher, 1993) , assuming that the spectrum of a mixture of known compounds is a linear combination of analysed components. The details of the data processing were published recently (Moshkin et al. 2014) . The background accounting is conducted automatically by the program, in order to determine the spectral baseline for fitting of the spectrum obtained by 1 H MRS. The process of fitting is presented on the real-time plot (Fig. 1 are stored in numerical form. The facilities of the program allow the following 12 brain metabolites to be fitted to the MRS spectrum: N-acetylaspartate (NAA); phosphorylethanolamine (PEA); choline compounds (Cho); creatine + phosphocreatine (Cr + PCr); myo-inositol (mIno, Ins); alanine (Ala); lactate (Lac); glutamate + glutamine (Glu + Gln); aspartate (Ast); γ-aminobutyric acid (GABA); glycine (Gly); and taurine (Tau). Some indistinctly detected metabolites are forcedly omitted in order to exclude false-positive results. Therefore, the percentage ratios of metabolites are analysed, supposing that the omission does not affect the concluding data more than it may affect the results of individual fitting.
In addition, owing to limitations of the fitting, we gave consideration mainly to the most common and distinguishable metabolites while analysing the data obtained. These metabolites are as follows: GABA and glycine (known as inhibitory neurotransmitters); glutamate and glutamine (excitatory neurotransmitters); creatine and phosphocreatine (involved in processes of neuronal growth; Wang et al. 1998) ; and N-acetylaspartate (supposed to be a marker for neuronal viability; Moffett et al. 2007) . The cholinergic system is represented as a pool of choline compounds, which restricts certainty about interpreting the results obtained, giving only a general concept of choline concentrations in the brain. As another example, MRS signals from taurine and glucose overlap, which means that it should be taken into account that changes in taurine may be affected by the fact that rats were fed ad libitum.
Statistical processing
The data are shown as means ± SD. Age-and strain-dependent changes in the volume blood flow rates and individual metabolite ratios were estimated using one-way ANOVA with repeated measures on one factor (age). Group differences in the metabolomic patterns were detected using multivariate statistical analysis, applied as a standard for the MRS data (Allen et al. 2013) . The number of initial variables, the brain metabolite ratios, was reduced with partial least-squares discriminant analysis (PLS-DA), which is widely used in metabolomics, because it allows maximization of the separation between groups of observation (Gromski et al. 2015) . The PLS-DA builds a linear regression model by projecting the variables to a new space, with Y as a categorical variable (Brereton & Lloyd, 2014) . Then two-way ANOVA (on strain and age) was performed, with Y values as the dependent variable, in order to assess the distribution of experimental groups in the space of Y axes. The correlations of blood parameters with the levels of metabolites were analysed by Pearson's method. Renal arteries Figure 2 . Normalized blood flow rates in ISIAH and WAG rats at 1 and 3 months of age (normalized per 100 g of body weight) All values are given as means ± SD. * P < 0.05, * * P < 0.01, inter-strain differences within corresponding age group. # P < 0.05, ## P < 0.01, intra-strain age-related differences.
Results
One-month-old hypertensive ISIAH rats had a systolic blood pressure of 154.54 ± 11.53 mmHg and diastolic blood pressure of 105.2 ± 6.90 mmHg. At the age of 3 months, the systolic blood pressure in the ISIAH rats increased to 175.5 ± 9.85 mmHg and diastolic to 111.5 ± 10.81 mmHg. One-month-old normotensive WAG rats had systolic and diastolic blood pressures of 121.4 ± 9.07 and 89.4 ± 12.38 mmHg, respectively. At the age of 3 months, the blood pressure in the WAG rats remained practically unchanged; systolic pressure was 123.7 ± 10.26 mmHg and diastolic 81.8 ± 7.53 mmHg.
Comparative description of haemodynamic parameters in hypertensive ISIAH and normotensive WAG rats Figure 2 demonstrates age-and strain-dependent differences in blood flow through the main arteries of 1-and 3-month-old ISIAH and WAG rats. Normalized to body weight, the blood flow in the renal arteries of 1-month-old ISIAH rats was significantly lower than that of the 1-month-old WAG rats (P < 0.05), but at the age of 3 months inter-strain differences disappeared. No inter-strain differences were found in the 1-month-old rats in the abdominal aortic blood flow, but at the age of 3 months the flow was significantly higher in the ISIAH rats because of its reduction in the WAG rats (P < 0.01). Figure 3 shows that the peripheral vascular resistance in renal and carotid arteries was higher in the ISIAH than in the WAG rats of both ages. However, peripheral vascular resistance in the abdominal aorta of 3-month-old ISIAH rats was lower than in 3-month-old WAG rats (P < 0.05). The raw data for figures 2 and 3 are given in Table S1 .
Brain metabolic profile in hypertensive ISIAH and normotensive WAG rats
In the prefrontal cortex, no age-or strain-dependent changes were determined in the contents of metabolites (Table 1 ).
In the hypothalamus (Table 2) , maturation of the ISIAH rats was associated with a decrease in GABA (P < 0.05). Hypothalamic choline contents were higher in the 1-month-old ISIAH rats compared with the 1-month-old WAG rats (P < 0.05). Maturation of the WAG rats was accompanied by a reduction in the hypothalamic choline content (P < 0.05).
While analysing all four groups of animals as independent groups, positive correlations between Glu + Gln levels in the hypothalamus and the blood flow through the main arteries were found (r = 0.44 and r = 0.40 for the blood flow in the right and left renal arteries, respectively; and r = 0.41 and r = 0.34 for the blood flow in the right and left carotid arteries, respectively). Significant negative correlations were found All values are given as mean ± SD. * P < 0.05, * * P < 0.01, inter-strain differences within corresponding age group. # P < 0.05, ## P < 0.01, intra-strain age-related differences. The data are shown as the means ± SD. The data are shown as the means ± SD. * Significant age-related differences (P < 0.05, one-way ANOVA, post hoc LSD test). † Significant strain-specific differences (P < 0.05, one-way ANOVA, post hoc LSD test).
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between blood flow and GABA levels in the hypothalamus (r = −0.49 and r = −0.49 for blood flow in the right and left renal arteries, respectively; and r = −0.36 and r = −0.35 for blood flow in the right and left carotid arteries, respectively).
Prefrontal cortex: PLS-DA results
Loading weights of metabolites on the PLS-DA-calculated Y 1 -C and Y 2 -C axes are presented in the Table 3 . Excitatory neurotransmitters (glutamate + glutamine), as well as N-acetylaspartate and Cr + PCr made positive loadings on the Y 1 -C axis, whereas inhibitory metabolites (GABA and glycine) made negative ones. Axis Y 2 -C had positive loadings from N-acetylaspartate, choline and creatine + phosphocreatine, and negative ones from lactate and glycine. The Y 1 -C values were significantly higher in 3-month-old WAG rats compared with 1-month-old WAG rats (P < 0.01). The Y 2 -C values for 1-month-old ISIAH rats were significantly higher than for 3-month-old ISIAH rats (P < 0.05; Fig. 4) . 
Hypothalamus: PLS-DA results
Loading weights of metabolites on the PLS-DA-calculated Y 1 -H and Y 2 -H axes are presented in the Table 3 . Axis Y 1 -H demonstrated positive loading from inhibitory neurotransmitters (GABA and glycine) and Cho, and negative loading from excitatory metabolites (Glu + Gln), NAA and the reserve of high-energy phosphates (Cr + PCr). Excitatory mediators (Glu + Gln) and Cr + PCr made positive loadings on the axis Y 2 -H, whereas inhibitory neurotransmitters (GABA, glycine) and NAA made negative ones.
The Y 1 -H-axis values were significantly higher for 1-month-old ISIAH rats compared with 1-month-old WAG rats (P < 0.01) and 3-month-old ISIAH rats (P < 0.01). The Y 2 -H-axis values of 3-month-old ISIAH rats were significantly higher than those of 3-month-old WAG rats (P < 0.01; Fig. 5 ).
Discussion
General evaluation of metabolomic patterns in the brain areas of ISIAH and WAG rats obtained from PLS-DA shows that in the prefrontal cortex several changes are 
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taking place as the animal ages. In particular, maturation of the WAG rats was associated with a move from the negative to positive quarter of the plane in the Y 1 -C-Y 2 -C co-ordinates, whereas ageing of the ISIAH rats was accompanied by an opposite movement from a positive Y 2 -axis score a the negative one (Fig. 4) . Thus, traces of the age-dependent shift of the WAG and ISIAH groups on the Y 1 -C-Y 2 -C plane formed a cross-like figure. It may be concluded from this that the degree of prefrontal cortex excitation and energy supply in WAG rats increased during ageing, whereas that of ISIAH rats, on the contrary, decreased during ageing. In the hypothalamus, the metabolome of the young ISIAH rats determined its location in the positive part of the Y 1 -H axis, which corresponds to functional brain inhibition, as it may be supposed considering positive loadings from inhibitory neurotransmitters on this axis; but later, when ISIAH rats reached 3 months of age, they moved to the area on the Y 1 -H-Y 2 -H plot (Fig. 5 ) that is supposed to be associated with increased responsiveness and functionality of hypothalamic region (in accordance with corresponding metabolite loadings on the Y 1 -H and Y 2 -H axes). This coincides with an increase in systolic blood pressure and enhancement of hormonal stress reactivity of the hypothalamus in the mature hypertensive ISIAH rats . For the normotensive WAG rats, no age-dependent changes of location in Y 1 -H-Y 2 -H co-ordinates for hypothalamic metabolites were found. The metabolic profile of 3-month-old ISIAH rats is in relative accordance with the results of a previous investigation (Shevelev et al. 2015) conducted in a different group of ISIAH rats at the age of 8-9 weeks (compared with Wistar rats of a similar age as a normotensive control).
In the spontaneously hypertensive rat model of arterial hypertension, an increase in neuronal activity of caudal hypothalamus was also found, which was expressed as an alteration of physiological parameters and decrease of GABA concentrations in the hypothalamus (Kramer et al. 2000) . The GABA-ergic system of the hypothalamus has also been proved to inhibit central and peripheral mechanisms of the stress reaction (Shekhar et al. 2003) .
Regarding the haemodynamic parameters, in 1-month-old early hypertensive ISIAH rats the renal blood flow is significantly lower than in the WAG rats, whereas peripheral vascular resistance to the blood flow is increased. By the age of 3 months, the blood flow in ISIAH rats has increased to the same level as that in the WAG rats. These changes can be considered as a sign of the hyperkinetic type of hypertensive state developed in the ISIAH rats. Nevertheless, the vascular resistance in the renal and carotid arteries in the ISIAH rats remains increased. This type of haemodynamic change is often associated with enhancement of sympathetic influences on the cardiovascular system (Sorof et al. 2002) . Earlier, we demonstrated that ISIAH rats showed increased sympathetic adrenal responsiveness to emotional stress ). In addition, an increased expression of α 1A -adrenergic receptor mRNA was observed in the kidneys of ISIAH rats (Fedoseeva et al. 2011) .
Thus, an MRI study of brain metabolites and blood flow characteristics in early hypertensive ISIAH rats showed that development and consolidation of the hypertensive state are associated with metabolomic changes in the prefrontal cortex and hypothalamus, which are co-ordinated with changes in haemodynamic parameters. 
